FokI is a member an unusual class of restriction enzymes that recognize a specific DNA sequence and cleave nonspecifically a short distance away from that sequence. FokI consists of an N-terminal DNA recognition domain and a C-terminal cleavage domain. The bipartite nature of FokI has led to the development of artificial enzymes with novel specificities. We have solved the structure of FokI to 2.3 Å resolution. The structure reveals a dimer, in which the dimerization interface is mediated by the cleavage domain. Each monomer has an overall conformation similar to that found in the FokI-DNA complex, with the cleavage domain packing alongside the DNA recognition domain. In corroboration with the cleavage data presented in the accompanying paper in this issue of Proceedings, we propose a model for FokI DNA cleavage that requires the dimerization of FokI on DNA to cleave both DNA strands.
FokI, from Flavobacterium okeanokoites, is a member of the unusual, type IIs class of restriction endonucleases that recognize a specific DNA sequence and cleave nonspecifically a short distance away from that sequence (1) . FokI binds the cognate sequence 5Ј-GGATG-3Ј and cleaves DNA phosphodiester groups 9 bp away on this strand and 13 bp away on the complementary strand (Fig. 1) . FokI has been shown to consist of two functionally distinct domains: an N-terminal DNA recognition domain and a C-terminal DNA cleavage domain (2) . The modular nature of FokI has led to the development of artificial enzymes with new specificities (3) (4) (5) (6) (7) .
We recently reported the structure of FokI bound to a 20-bp DNA fragment containing the FokI cognate sequence (8) . As expected, the protein has N-and C-terminal domains corresponding to the DNA recognition and cleavage functions, respectively. The recognition domain is comprised of three smaller subdomains (D1, D2, and D3) that are evolutionarily related to the helix-turn-helix-containing DNA-binding domain of the catabolite gene activator protein (9) . The catabolite activator protein core has been embellished extensively in D1 and D2, whereas in D3 it has been co-opted for proteinprotein interactions. The cleavage domain is similar to a BamHI monomer and contains a single catalytic center, which raises the question of how monomeric FokI manages to cleave both strands. In a novel mechanism of nuclease activation, the recognition domain sequesters the cleavage domain through protein-protein interactions until its activity is required, whereby the cleavage domain dissociates from the recognition domain and swings over to the major groove for DNA cleavage. We have now determined the structure of FokI in the absence of DNA. The structure, determined at 2.3 Å resolution, reveals a dimer, in which the dimerization interface is mediated by the cleavage domain. Each monomer has an overall conformation similar to that found in the FokI-DNA complex, with the cleavage domain packing alongside the DNA recognition domain. In corroboration with the cleavage data presented in the accompanying paper in this issue of Proceedings (10), we propose a model for FokI DNA cleavage that requires the dimerization of FokI on DNA to cleave both DNA strands.
EXPERIMENTAL METHODS
Crystallization. FokI was expressed and purified as described (11) . Chunky crystals (0.25 mm ϫ 0.25 mm ϫ 0.4 mm) grew in 3-4 days at 20°C from 2 l of sitting drops containing 0.12 mM protein, 11% polyethylene glycol (average molecular weight 8,000), 0.2 M ammonium sulfate, 50 mM sodium cacodylate (pH 6.5), 0.2 M potassium chloride, 10 mM potassium phosphate, 0.5 mM DTT, 0.5 mM EDTA, 0.5 mM EGTA, and 5% glycerol when equilibrated against a reservoir containing 22% polyethylene glycol 8,000, 0.4 M ammonium sulfate, and 0.1 M sodium cacodylate (pH 6.5). Crystals were stabilized and cryoprotected in 23% polyethylene glycol, 0.4 M ammonium sulfate, 0.1 M sodium cacodylate (pH 6.5), and 15% ethylene glycol. Transient addition of 0.125% glutaraldehyde was necessary to prevent the crystals from shattering.
Data Collection and Structure Determination. The crystal used in data collection diffracted to 2.3 Å resolution when flash-cooled in a nitrogen gas stream at Ϫ160°C and exposed to synchrotron radiation. The crystal belongs to space group P2 1 2 1 2 1 with unit cell dimensions of a ϭ 54.0 Å, b ϭ 137.2 Å, and c ϭ 188.9 Å. Data were measured at the Cornell High Energy Synchrotron Source by using imaging plates on beamline A1 at ϭ 0.908 Å. Data were processed with DENZO (12) and reduced with Scalepack and TRUNCATE (13) .
The structure of FokI was solved by molecular replacement by using AMORE software (14) . The cleavage domain (residues 390-579) from the refined structure of the FokI-DNA complex was used as the initial search model. Rotation and translation functions revealed two molecules per asymmetric unit, consistent with a V m of 2.7. Assuming that the association between the recognition and cleavage domains seen in the FokI-DNA complex would remain intact in the free enzyme, the full length FokI structure from the refined complex was fit by least-squares with the program O (15) to the two translation solutions for the cleavage domain. Visual inspection of this model revealed unambiguously a dimer in the asymmetric unit, with no steric clashes between the monomers or the symmetryrelated molecules. The dimer solution was subjected to rigid body refinement in X-PLOR (16) . After a subsequent round of simulated annealing, the R-factor dropped to 0.289 with an R-free ϭ 0.377. Several rounds of rebuilding, interspersed with positional and simulated annealing refinement, yielded the current model at 2.3 Å resolution. The model was verified through extensive simulated annealing omit maps in which 15 consecutive residues were omitted at a time. Solvent molecules The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
RESULTS AND DISCUSSION
Overall Structure. The structure of FokI was determined at 2.3 Å resolution ( Table 1 ). The crystal contains one dimer per asymmetric unit. A noncrystallographic symmetry axis lies between the cleavage domains and continues up between the D1 subdomains of each monomer (Fig. 2a) . The secondary structure of each monomer is virtually identical to that found in the FokI-DNA complex (Fig. 2b) . Subdomain D1 of the recognition domain is comprised of eight helices (␣1 to ␣8), two loops (L1 and L2), a ␤-sheet (␤1 to ␤3), and an N-terminal arm. The embellished helix-turn-helix motif is made of helices ␣4, ␣5, and ␣6 and loops L1 and L2. The short helices ␣4 and ␣5 share the same helical axis, as if they formed a single ␣-helix into which L1 has been inserted. Together, helices ␣4 and ␣5 (␣4͞5) form the first helix of the helix-turn-helix motif, and ␣6 is the second helix, also known as the recognition helix. The turn expected between ␣4͞5 and ␣6 is replaced by L2. D2 is an extended structure of six helices (␣1 to ␣6), a ␤-sheet (␤1, ␤2, ␤5), a ␤-hairpin (␤3, ␤4), and a short loop L1. In this subdomain, the embellished helix-turn-helix motif is comprised of helices ␣2 and ␣5. The turn is replaced by loop L1, a pair of antiparallel helices ␣3 and ␣4, and a short segment T1 connecting ␣4 to ␣5. D3 is most similar to catabolite activator protein, having a three-helix͞␤-sheet structure. The cleavage domain resembles a subunit of the dimeric endonuclease BamHI (17) and comprises a mixed six-stranded ␤-sheet (␤1 to ␤6) with ␣-helices (␣1, ␣2, ␣3, ␣6 and ␣4, ␣5) on each side.
Comparison with the Structure of the FokI-DNA Complex. Surprisingly, the overall conformation of each FokI monomer is similar to that found in the FokI-DNA complex (Fig. 3) . This was unexpected because the EcoRV and BamHI structures showed large conformational changes on DNA binding (17) (18) (19) . However, despite the overall similarity in fold, there are important structural differences between the free and bound forms of FokI. For example, subdomain D1 is pivoted Ϸ5°away from the DNA-binding cleft, whereas the antiparallel helices ␣3 and ␣4 of subdomain D2 are tilted into the cleft. The cleavage domain has moved Ϸ1 Å toward the recognition domain in a direction parallel to the DNA dyad axis, resulting in a narrowing of the interface between the two domains. The linker segment, which was rigid in the complex, is partially disordered in the free enzyme. In the FokI-DNA complex, subdomain D1 recognized base pairs at the 3Ј end of the recognition sequence (GGATG) through the recognition helix ␣6, the loops L1 and L2, and an N-terminal arm. Of interest, the residues (Arg-79 and Gln-95) in loops L1 and L2 that gripped the DNA in both the major and minor grooves are disordered in the free enzyme, implying that they become ordered only in the presence of DNA. Also, the side-chain of Trp 105 (from helix ␣6) that made van der Waals contacts with the thymine of the fourth base pair and the cytosine of the fifth base pair (GGATG) in the major groove is flipped out into the solvent. A solvent-exposed tryptophan, although rare, also has been seen in the structure of CD4 (20, 21) . In the N-terminal arm, the side-chain of Pro-14 maintains its trans configuration but is also flipped out toward solvent, resulting in a local rearrangement of the adjacent residues. In subdomain D2, which recognizes base pairs at the 5Ј end of the recognition sequence (GGATG), the recognition helix ␣5 maintains the same position in the DNA-binding cleft, while helix ␣4 has rotated 14°from its DNA-binding position, where it contacted the cytosine of the first base pair. This rotation causes the tilt of the antiparallel helices ␣3 and ␣4 toward the DNA-binding cleft in the free enzyme. Taken together, the conformational changes observed in D1 and D2 are sufficient to prevent the docking of DNA to the free enzyme structure without steric clashes.
As in the FokI-DNA complex, the cleavage domains in the FokI dimer pack alongside the recognition domains, sequestered through protein-protein interactions. This is consistent with the mechanism of nuclease activation delineated from the FokI-DNA complex (8) and a study of FokI mutants that cleave hemi-methylated DNA (22) . These mutants were shown to contain amino acid substitutions in residues located in the interface between the recognition and cleavage domains (8) . Such mutations would be expected to relax the domaindomain association, accelerating the rate of FokI activity to cleave at even hemi-methylated cognate sites (22) .
We had suggested that, after FokI binds the cognate site in the presence of Mg 2ϩ , the cleavage domain would be activated to dissociate from the recognition domain and swing over to the major groove, one turn away from the recognition sequence. Additional evidence for this mechanism comes from the free enzyme structure. The protein-protein interactions at the interface between the recognition domain and the cleavage domain are maintained in the free enzyme, but the narrowing of the interface results in additional interactions not seen in the complex. These interactions are mediated by water molecules between helix ␣4 and the turn T1 of subdomain D2 and helix ␣3 of the cleavage domain. The most significant of these involve Gln-420 and Arg-422 of the cleavage domain, which form solvent mediated hydrogen bonds with the side-chain of Lys-225 and the main-chain carbonyl of Glu-220 of D2, respectively. In the FokI-DNA complex, this water structure is displaced by the DNA sugar-phosphate backbone, and Glu-220 and Lys-225 make base-specific contacts with the DNA. The disruption of the hydrogen-bonding network between the two domains along with the replacement of protein-protein contacts with protein-DNA contacts on specific DNA binding may provide part of the free energy necessary for the cleavage domain to dissociate from the recognition domain to initiate cleavage.
The Dimer Interface. The dimer interface is formed by the parallel helices ␣4 and ␣5 and two loops P1 and P2 of the cleavage domain (Fig. 4) . The helix ␣4 of each monomer is roughly perpendicular to helix ␣4 of the other monomer, and together, the two helices make up the core of the dimer interface. The core is sandwiched between the helix ␣5 and loops P1 and P2 from each monomer, where loop P1 comes between the ␤-strands ␤1 and ␤2 and loop P2 is at the C terminus of ␣4.
The FokI dimer interface is reminiscent of the dimer interface of BamHI, consisting of a 4-helix bundle formed by the parallel helices ␣4 and ␣6 from each subunit (17) . The similarity between the helices ␣4 and ␣5 in FokI and ␣4 and ␣6 in BamHI led us to suggest that FokI might dimerize on DNA. However, in stark contrast to the hydrophobic core found in the BamHI dimer interface, the FokI core is primarily electrostatic with the hydrophobic interactions limited to the edges. These hydrophobic interactions are made through loops P1 and P2. The residue Ile-499 of P2 fits into a hydrophobic pocket formed by Arg-534, His-537, and Ile-538 at the C- , and D3 shown in magenta, green, and white, respectively. The cleavage domain (blue) is connected to the recognition domain through a linker segment (red). Dimerization is mediated by the parallel helices ␣4 and ␣5 of the cleavage domain. There are no significant interactions between the D1 subdomains despite the appearance of such in this orientation of the structure. (b) Secondary structure assignment of FokI. The FokI amino acid sequence is aligned to that of StsI, another type IIs restriction enzyme. StsI recognizes the same sequence as FokI (Fig. 1 ) but cleaves 10 and 14 bp away. FokI and StsI show 30% sequence identity (residues in gray columns). Dashes in the secondary structure and periods in the sequence represent gaps introduced for optimal alignment.
terminal end of helix ␣5 of the other monomer. Ile-479 of ␣4 makes van der Waals contact with the ␦-carbon of Arg-447 of loop P1. Inside the core, the majority of interactions are mediated through an extensive water structure. For example, Arg-534 of ␣5 makes a water-mediated contact with Glu-491 of ␣4 of the other monomer. Each of these residues is stabilized through hydrogen bonding to a solvent molecule and another residue from its respective helix. Dimerization may be weakened by the proximity of the two Glu-490 residues from the ␣4 helices, whose side-chain oxygens are Ϸ5 Å apart. However, this negative effect is reduced by hydrogen bonding with the adjacent Asn-486 residues. The only direct hydrogen bonding between the monomers occurs at the core of the interface, where Asp-483 from helix ␣4 makes bidentate hydrogen bonds with Arg-487 from helix ␣4 of the other monomer (Fig. 4) . In accordance with the structure, we show in the accompanying paper (10) that mutation of both residues to alanine causes the loss of cleavage of both strands, suggesting that dimerization of FokI is necessary for cleavage. This dimerization is mediated by the cleavage domains as in our structure. However, the arrangement of the recognition domains in our structure probably does not correspond to the active dimeric form of the enzyme because the modeling of DNA in the DNA-binding cleft of each monomer results in severe steric clashes.
FokI Dimer͞DNA Model. The similarity between BamHI and FokI allowed us to use the structure of the BamHI-DNA complex (19) to model the FokI cleavage domain dimer onto DNA (Fig. 5) . The DNA lies in a cleft created by the cleavage domains, without any steric clashes with the enzyme (Fig. 5) . As in BamHI, the N termini of the dimerization helices are directed toward the major groove (19) . Both BamHI and FokI make 4-bp staggered cuts, and the residues involved in catalysis [Asp-94, Glu-111, and Glu-113 in BamHI (17) and Asp-450, Asp-467 and Lys-469 in FokI (23)] overlap at both catalytic sites. The catalytic residues are in close proximity to the phosphodiester bonds that they hydrolyze. In contrast to BamHI, there are no residues that could make base-specific contacts with the DNA (19). This is not surprising because the FokI cleavage domain demonstrates no DNA-binding specificity (2) . However, the dipole moments of the dimerization helices should contribute electrostatically to the stabilization of the cleavage complex (24) .
Similarity Between FokI and StsI. The structure of FokI provides the first view of a member of the growing family of type IIs restriction endonucleases (25) . Based on the structure of FokI, we predict that another type IIs restriction endonuclease StsI would have a bipartite structure similar to FokI. StsI recognizes the same cognate site, GGATG, as FokI, but cleaves 10 and 14 bp away (26) . StsI and FokI share 30% sequence identity (27) , and their sequences can be aligned as shown in Fig. 2b . From the alignment, it is clear that all of the active site and almost all of the DNA recognition residues are conserved between the two proteins. For instance, Trp-105 of FokI, which makes van der Waals interactions in the major groove of the recognition sequence, aligns with Trp-109 in StsI. Also, Arg-79 of FokI aligns with Lys-86 of StsI, and like Arg- 79, this lysine also could make similar contacts to the guanine of the fifth base pair. Similarly, Gln-12 and Asn-13 of FokI, which recognize the two adenine bases, align with Gln-20 and Asp-21 of StsI. Although Asp-21 would not be able to maintain the bidentate hydrogen bonding pattern that Asn-13 has to the O6 and N7 of adenine, it could form a single hydrogen bond to just N7. Taken together, the structure of FokI helps to identify the plausible DNA recognition residues of StsI and provides a basis for understanding how the two enzymes recognize the same DNA site.
An interesting question in comparing StsI and FokI relates to the difference in cleavage distance. A simple view would be that the StsI linker segment is longer to allow cleavage 10 and 14 bp away. However, our alignment shows that this is not the case because the linker segment and helices ␣1 and ␣2 of the cleavage domains of the two enzymes align well. On the other hand, StsI has four extra residues in the loop between helices ␣2 and ␣3 of the cleavage domain (Fig. 2b) . The loop is predicted to interact with the DNA backbone when the cleavage domain swings over for catalysis. The fact that some of these extra residues are lysines may affect the way in which the cleavage domain of StsI docks onto the DNA, placing it 1 bp further along the DNA backbone.
DNA Cleavage by FokI. How does FokI cleave DNA? In the accompanying paper (10), we show that, in the presence of excess FokI cognate sites, FokI cleaves DNA at a rate higher than first order, suggesting that the enzyme works as a dimer. Our structure indicates that dimerization is mediated through the cleavage domain. Thus, one FokI molecule binds to the cognate site and recruits another FokI molecule, which supplies the second catalytic center through its cleavage domain. In this mechanism, the cleavage domain of the first molecule would be activated on specific DNA binding and swing into an open conformation for dimerization and cleavage. The first molecule is likely to cleave at the scissile bond 13 bp away because the cleavage domain can be brought there by simple rotations around the linker segment, whereas placement at the scissile bond 9 bp away (N9) would require partial unfolding of either D3 or the cleavage domain. Thus, the second molecule is likely to supply the cleavage domain for cleavage at N9 after dimerization.
From our modeling of the cleavage domain at N13, we expect residues 383-387 in the linker segment to dissociate from subdomain D3 and become ␣-helical. The observed disorder of residues 380-386 in the linker segment of the free enzyme indicates that the linker can dissociate from D3. At the same time, residues 382-384 in the FokI-DNA complex were found to have a slight 3 10 helical character. Under these conditions, the first helix of the cleavage domain ␣1 would be extended by 5 residues, acting as a 17-residue helical measuring rod to place the cleavage domain at the correct scissile bond 13 bp away. Chandrasegaran and colleagues (28) have designed a FokI mutant that cleaves 14 bp away by inserting repeats of the residues 387-390 and 387-393. The residues chosen reside at the junction between the linker segment and ␣1 of the cleavage domain and may have the effect of extending the measuring rod.
The total surface area buried in the FokI dimerization interface in our crystals is only 800 Å 2 , well below the value for typical oligomeric proteins (29) . This explains why FokI exists as a monomer in solution and only it dimerizes on DNA, with the weak dimerization interface contributing to the cooperativity of the complex. How is the second molecule accommodated? In the accompanying paper (10), we show that the addition of either the cleavage domain alone or the FokI-DNA-binding mutant FokN13Y to the wild-type FokI enzyme also can enhance the cleavage rate. However, both mutants restore wild-type cleavage levels only in high molar excess. This A second FokI molecule, bound to another recognition site, dimerizes with the first molecule through their cleavage domains and catalyzes cleavage at the first site. After cleavage, the two FokI molecules dissociate from the DNA or they remain bound and catalyze additional cleavages by dimerizing with FokI molecules bound to other sites.
suggests a requirement for DNA-binding by the second FokI molecule. The second molecule may bind DNA nonspecifically on the same DNA molecule (cis binding) or bind specifically to a FokI cognate site on another DNA molecule (trans binding). Because the Asn 13 to Tyr mutation in FokN13Y is likely to affect only specific binding, we favor a model of dimerization of two FokI molecules bound to two cognate sites (in trans) as the most efficient mechanism for cleavage at one site (Fig. 6) . Although the requirement for the recognition of two sites is unusual in type II restriction endonucleases, it is not unprecedented. Activities of both EcoRII and SfiI are stimulated by oligonucleotides containing their cognate sites. SfiI exists as a tetramer, with each dimer recognizing a separate site (30) . EcoRII may be more similar to FokI in that it binds to two sites as a dimer (31) . Overall, in more typical type II endonucleases such as BamHI that bind and cleave at a single site, the function of dimerization is to mediate both recognition and cleavage. Our results from FokI suggest that type IIs endonucleases have evolved a different cleavage mechanism in which recognition and cleavage are decoupled, with dimerization occurring after recognition as a way of regulating cleavage.
